Receptor-like kinases (RLKs) belong to the large RLK/Pelle gene family, and it is known that the Arabidopsis thaliana genome contains >600 such members, which play important roles in plant growth, development, and defense responses. Surprisingly, we found that rice (Oryza sativa) has nearly twice as many RLK/Pelle members as Arabidopsis does, and it is not simply a consequence of a larger predicted gene number in rice. From the inferred phylogeny of all Arabidopsis and rice RLK/Pelle members, we estimated that the common ancestor of Arabidopsis and rice had >440 RLK/Pelles and that largescale expansions of certain RLK/Pelle members and fusions of novel domains have occurred in both the Arabidopsis and rice lineages since their divergence. In addition, the extracellular domains have higher nonsynonymous substitution rates than the intracellular domains, consistent with the role of extracellular domains in sensing diverse signals. The lineagespecific expansions in Arabidopsis can be attributed to both tandem and large-scale duplications, whereas tandem duplication seems to be the major mechanism for recent expansions in rice. Interestingly, although the RLKs that are involved in development seem to have rarely been duplicated after the Arabidopsis-rice split, those that are involved in defense/disease resistance apparently have undergone many duplication events. These findings led us to hypothesize that most of the recent expansions of the RLK/Pelle family have involved defense/resistance-related genes.
INTRODUCTION
The first receptor-like kinase (RLK) was found in maize (Zea mays) 13 years ago (Walker and Zhang, 1990) . Subsequently, RLKs have been identified in many other plant species and have been suggested to play diverse roles in plant life history (for review, see Torii, 2000; Shiu and Bleecker, 2001b; Becraft, 2002; Dievart and Clark, 2003) . Typically, an RLK contains a signal sequence, a transmembrane region, and a C-terminal domain with eukaryotic protein kinase signatures, resembling the animal receptor tyrosine kinases (van der Geer et al., 1994) . Based on our current understanding of receptor tyrosine kinase functions, the plant RLKs likely are transmembrane proteins that perceive signals through their extracellular domains and propagate the signals via their intracellular kinase domains. Consistent with this hypothesis, the ligands for several RLKs have been identified and are found to be integral components of the RLK signaling pathways (Schopfer et al., 1999; Brand et al., 2000; He et al., 2000; Matsubayashi et al., 2002; Scheer and Ryan, 2002) . In addition, multiple components downstream to RLKs have been identified (for review, see Shiu and Bleecker, 2001b; Becraft, 2002) .
The kinase domains of plant RLKs belong to the same gene family as those of Drosophila melanogaster Pelle and mammalian interleukin receptor-associated kinases (Shiu and Bleecker, 2001a) . Drosophila Pelle is involved in the determination of the dorsal-ventral axis (Shelton and Wasserman, 1993) , and several other components in this pathway have been implicated in innate immunity (Lemaitre et al., 1996) . Mammalian interleukin receptor-associated kinases, on the other hand, are involved in innate immune responses against various pathogens (for review, see O'Neill, 2002) . Similar to their animal counterparts, the biological functions of plant RLK/Pelle family members can be classified into two broad categories (Shiu and Bleecker, 2001b) . The first category includes RLKs that control plant growth and development (Becraft, 2002) , for example, Arabidopsis thaliana ERECTA in determining organ shape (Torii et al., 1996) , CLAVATA1 in meristem maintenance (Clark et al., 1997) , BRI1 in the regulation of cell growth (Li and Chory, 1997) , maize CRINKLY4 in controlling cell morphogenesis and differentiation (Becraft et al., 1996) , and carrot (Daucus carota) PSKR in controlling cell proliferation (Matsubayashi et al., 2002) . The second category includes RLKs involved in plant-microbe interactions and defense responses. In this category, some RLKs are involved in plant-pathogen interactions, such as rice (Oryza sativa) Xa21 in resistance to bacterial pathogen (Song et al., 1995) , Arabidopsis FLS2 in flagellin perception (GomezGomez and Boller, 2000) , and tomato (Lycopersicon esculentum) SR160 in systemin signaling (Scheer and Ryan, 2002) , whereas the rest are crucial for interactions with plant symbionts, including NORK/SYMRK and HAR1 in fungal and/or bacterial symbiosis (Endre et al., 2002; Krusell et al., 2002; Nishimura et al., 2002; Stracke et al., 2002) and Lys motif-containing RLKs involved in early stages of nodulation and Nod factor perception (Limpens et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003) .
One major difference in this gene family between plants and animals is their relative abundance in the genomes. Plant RLKs belong to a large gene family (e.g., >600 members in Arabidopsis), whereas Plasmodium and animals contain only one to six RLK/Pelle members (Shiu and Bleecker, 2003) . Moreover, no RLK/Pelle homolog is found in the fungal genomes sequenced to date. These findings indicate a rather drastic expansion of this gene family in the land plant lineage (Shiu and Bleecker, 2003) . Judging from the need for intricate communication networks and the need to respond to a multitude of environmental factors in multicellular organisms, the abundance of plant RLKs represents a plant-specific adaptation for extracellular signal sensing and propagation. Besides its large family size, another important feature of the RLK/Pelle family is the diversity of domain organization (Shiu and Bleecker, 2001a) . Approximately 75% of the Arabidopsis RLK/Pelle members have a signal sequence and a transmembrane region. Some, such as proline-rich extensinlike receptor kinase (Silva and Goring, 2002) , contain no signal sequence. The rest are likely cytoplasmic kinases. Diverse sequence motifs are present in the putative extracellular regions of RLKs (Shiu and Bleecker, 2001b) . These motifs are potentially responsible for interactions with other proteins, carbohydrates, or lipids. Interestingly, some of these motifs are similar to proteins that recognize fungal or bacterial cell wall components, another indication for the involvement of RLKs in plant-microbe interaction.
Although important discoveries have been made in understanding RLK functions, only a small fraction of the members in this gene family have demonstrated biological roles. In addition, the family size differences among eukaryotes raise several questions on the evolution of the RLK/Pelle gene family. The availability of rice genome sequences provides an excellent opportunity to address some of them. In this study, we first identified the kinase superfamily in rice and compared it to that in Arabidopsis. We then estimated the numbers of RLK/Pelles before the divergence of rice and Arabidopsis and the extent of subsequent expansions in each of these two flowering plant lineages. We also evaluated the contribution of different duplication mechanisms. To address questions on the functions of recently expanded RLK/Pelles, we compared the expansion patterns and mechanisms with the plant RLK/Pelle functions. Finally, we analyzed the substitution rates of the extracellular and intracellular domains of RLKs in an attempt to uncover the selection forces that shaped this large and divergent gene family.
RESULTS

A Twofold Larger RLK/Pelle Family in Rice than in Arabidopsis
As the first step for an in-depth comparison between the RLK/ Pelle families in Arabidopsis and rice, we identified the protein kinase sequences from the released genome sequences of O. sativa subsp indica and japonica. The indica genome was used for further comparative studies because it was more complete than the japonica genome based on the number of kinase sequences recovered. The indica subspecies is referred to as rice for the rest of the analysis. We found 2210 candidate kinase sequences, 1936 of which contain at least one eukaryotic protein Ser/Thr/Tyr kinase domain based on SMART (Schultz et al., 2000) and Pfam (Sonnhammer et al., 1998) . Because the indica genome was sequenced with a whole-genome shotgun strategy, some of these kinases may be redundant even though they were located on distinct scaffolds. To detect these potentially redundant sequences, we examined sequence matches that had >97% identity and found 329 potentially redundant sequences on different scaffolds, most with 100% identity over 600 nucleotides. After eliminating these entries, our data set contains 1607 protein kinase sequences from rice (see Supplement A online for their sequences). To obtain the RLK/Pelle family members from rice, we first aligned the kinase domain sequences of rice kinases and kinase representatives from various families and generated a phylogenetic tree. Within the clade that represents the RLK/Pelle family with 1235 rice sequences, we found that two groups consisted of 77 truncated rice kinase sequences (see Supplement C online, error regions). They were not included in any further analysis. Therefore, >1131 (27 have two kinase domains) RLK/Pelle family members were identified in rice, nearly twice as many as that in Arabidopsis.
The rice proteome size was estimated to be 32,000 to 55,000 (Goff et al., 2002; Yu et al., 2002) , ;1.24 to 2.15 times larger than that of Arabidopsis (Arabidopsis Genome Initiative, 2000) . It is possible that the larger RLK/Pelle family in rice simply reflects a general trend of larger rice gene families than those in Arabidopsis. However, we found that many kinase families in rice are not necessarily larger than those in Arabidopsis (Figure 1 ; see Supplement A online for the classification and Supplement B online for a phylogeny of Arabidopsis and rice kinases, excluding RLK/Pelle members). These findings suggest that the rice RLK/ Pelle family has expanded in a more dramatic fashion than have other kinase families and may represent one of the gene families that have significantly contributed to the gene number differences between rice and Arabidopsis.
Extensive Lineage-Specific Expansions
The RLK/Pelle family in Arabidopsis consists of a large number of subfamilies that differ in both the kinase sequences and domain compositions. The family size difference between Arabidopsis and rice may be the consequence of differential expansion among subfamilies. To infer the patterns of expansion, we aligned the kinase sequences of RLK/Pelle members from both Arabidopsis and rice. The alignments were used to generate the phylogenetic tree shown in Figure 2 (left panel; see Supplement C online for the full tree). Most rice RLK/Pelle members fall into subfamilies defined on the basis of Arabidopsis sequences. Some subfamilies are rice specific (RLCK-OS1-4 and WAKL-OS), but no Arabidopsis-specific subfamily is identified.
To determine the degrees of expansion in different subfamilies in these two plant lineages, we broke down the phylogeny into ancestral units, which are clades (groups) that were present right before the monocot-dicot (rice-Arabidopsis) split, according to the scheme depicted in Figure 3A . The basal nodes of these ancestral units were labeled with closed circles in Figure 2 . Because the RLK/Pelle family members are rather divergent, the phylogeny generated based on the alignments of all members from Arabidopsis and rice may not be entirely correct. To circumvent this problem, we divided the RLK/Pelle family into 17 groups, each with ;100 genes; each group contained one to several RLK/Pelle subfamilies (see Supplement A online for group designations). The kinase domain sequences from each group were aligned, and the alignments were used for phylogenetic reconstruction. We found that there are 443 ancestral units among 17 trees. Because each tree contains both Arabidopsis and rice RLK/Pelles, no ancestral unit was missed compared with the full tree. Therefore, at least 443 RLK/ Pelle members would have been present in the monocot-dicot common ancestor. Because of possible independent gene losses, our estimate of the ancestral gene number should be treated as a lower bound. Taken together, these inferences indicate that the RLK/Pelle family was quite large before the monocot-dicot split and continued to expand in both the rice and Arabidopsis lineages. The expansion may be even more pronounced than what we have observed because gene losses would also have contributed to underestimation of duplication events if both of the duplicated copies were lost.
As shown in Figure 3B , the lineage-specific expansions are restricted to certain subfamilies, such as legume lectin (L-LEC), leucine-rich repeat subfamily Ia (LRR-Ia), and wall-asspcoated kinase (WAK), as indicated by their larger sizes in extant plants than in the monocot-dicot common ancestor ( Figure 3B ). Others, such as the LRR-XI subfamily, are similar in size between the monocot-dicot common ancestor and either rice or Arabidopsis. These subfamilies have not expanded much after the Arabidopsis-rice split.
To further evaluate the extent of expansion in each of the Arabidopsis and rice lineages after their split, we compared the number of rice and Arabidopsis genes in each ancestral unit, and the results are shown in Figure 4A . Interestingly, most data points are clustered around clade sizes ranging from 1 to 5, indicating that most ancestral units underwent limited rounds of duplications or were lost since the divergence between Arabidopsis and rice. However, relatively few but noticeable numbers of ancestral units have expanded rather dramatically. This is especially true in rice, and such expansions account for more than two thirds of the size differences between the rice and Arabidopsis RLK/Pelle families ( Figure 4B ). Most of the large lineage-specific expansions are not coordinated between rice and Arabidopsis, suggesting differences in RLK/Pelle functions and selection in these two plants.
Contributions of Tandem and Large-Scale Duplications to Family Size
Based on the analysis of the RLK/Pelle family in Arabidopsis, it was suggested that both tandem duplication and large-scale block duplication contributed to its expansion in plants Bleecker, 2001a, 2003) . To determine the relative contributions of these two mechanisms to lineage-specific expansions, we examined the physical locations of RLK/Pelle members and estimated the timing of the duplication events. Because the indica genome was sequenced via shotgun sequencing, the sizes of assembled scaffolds were short relative to the average rice gene size. To circumvent this limitation, we first mapped RLK/Pelle members in the indica genome to available japonica BACs. The tandem cluster is defined as a region containing RLK/ Pelle members that belong to the same subfamilies with <10 genes apart between neighboring members (see Supplement A online for cluster designation). Among the 646 rice RLK/Pelle members mapped, 270 (42%) are found in tandem clusters. The degree of tandem duplication is substantially higher than that in Arabidopsis, estimated to be 34% with the same criteria (Shiu and Bleecker, 2003) .
Large-scale duplication events are defined as simultaneous duplications of genes. Assuming a molecular clock, the synonymous substitution rates (Ks) of these duplicates are expected to be similar over time. There are, however, substantial rate variations among genes. To evaluate the contribution of large-scale duplication and to alleviate the effects of rate variations, we used a relative Ks measure as the proxy for time and examined ancestral units containing both Arabidopsis and rice genes with the scheme shown in Figure 5A . The basal node indicates the divergence point between Arabidopsis and rice. Any node above the base indicates lineage-specific duplication in Arabidopsis or rice. The average synonymous substitution rate (Ks) was calculated for all nodes, and the relative Ks of each duplication event is the ratio of the node average Ks to the basal Ks. The frequency distributions of the relative Ks values are shown in Figures 5B and 5D for Arabidopsis and rice, respectively. The relative Ks distribution peaks at 0.15 to 0.2 in Arabidopsis, suggesting a large-scale event 22.5 to 30 million years ago (based on the divergence time of 150 million years ago between monocot and dicot; Sanderson, 1997; Wikstrom et al., 2001; Chaw et al., 2004) . In rice, the results are less conclusive because multiple peaks are present, and the major peak is much wider than that observed in Arabidopsis.
Because a substantial number of duplicates are located in tandem repeats, we examined the contribution of tandem duplications by treating each tandem cluster as a single locus and taking the first member of each cluster as representative for further analysis. Together with nontandem members of RLK/ Pelles, we again determined the ancestral units and relative Ks values. In Arabidopsis, the overall shape of the distribution and location of peaks in the locus-based analysis ( Figure 5C ) were similar to those using the whole data set ( Figure 5B ). This finding is consistent with the potential involvement of large-scale events in the expansion of the RLK/Pelle family in the Arabidopsis lineage. In rice, however, the locus-based analysis ( Figure 5E ) resulted in the removal of the major peaks seen previously using the whole data set ( Figure 5D ), indicating that tandem duplication, but not large-scale duplication, played a major role in the RLK/Pelle expansion in rice.
Correlation between RLK Functions and Expansion Patterns
The RLK/Pelle family expanded rather dramatically in the land plant lineage (Shiu and Bleecker, 2003) . An intriguing question is whether RLK/Pelle members with a certain function tend to be duplicated or retained at higher rates than others. We classified RLK/Pelle family members with known functions or relevant expression patterns into three functional categories: developmental control, resistance/defense responses, and symbiotic interactions (Table 1) . Interestingly, RLK/Pelles that are involved in defense/disease resistance or their potential orthologs in rice or Arabidopsis belong to subfamilies with high percentage members in clusters and to clades with evidence of lineagespecific duplication events, as indicated by a deviation of the Arabidopsis-rice gene ratios from 1:1. On the other hand, none of the RLK/Pelles or their closest relatives in Arabidopsis or rice that are involved in developmental control are found in tandem clusters. In addition, only one of the RLK/Pelles in this functional category had duplicated after the divergence between rice and Arabidopsis. The degrees of lineage-specific expansions of RLK/ Pelles in these two functional categories (developmental versus resistance) are significantly different at 1% level (Fisher's exact test; P ¼ 0.0045). Taken together, these findings suggest that RLK/Pelles that are involved in resistance or defense responses may have been duplicated or retained at higher rates in a lineagespecific fashion.
Conservation of Domain Composition and Organization
A wide range of domains and motifs are found in the Arabidopsis RLK/Pelle members. Most of these domains and motifs are not associated with kinases in animals or fungi, suggesting that the domain composition of RLK/Pelle members was established during the course of plant evolution. We examined the predicted domains for RLK/Pelle members in both rice and Arabidopsis in conjunction with their phylogenetic relationships to evaluate the conservation and divergence of protein domain architecture.
The domain compositions and organizations of RLK/Pelles are similar in general between subfamily members (see Supplement (A) Phylogeny of RLK/Pelles from rice and Arabidopsis. The phylogeny was generated using kinase domain amino acid sequences with sequences from Arabidopsis and rice, which are color-coded orange and blue, respectively. Gray branches represent clusters of truncated sequences. The black circles mark the positions where the bifurcating edges were hypothesized to be because of divergence between monocot and dicot ( Figure 3A) . The subfamily designations are based on a published classification scheme (Shiu and Bleecker, 2003) . The full phylogeny is shown in Supplement C online. C online for the domain content organizations of Arabidopsis and rice RLK/Pelles; Figure 2 , the representative organizations shown to the right). In addition, the domain content and organizations are in most cases very similar between Arabidopsis and rice members in each subfamily. This similarity suggests that the domain organization of most RLK/Pelle subfamilies was established before the Arabidopsis-rice split. Nonetheless, there are several interesting exceptions. In rice, one of the three exceptions is a gene with two PR-1/SCP (for Pathogenesis-Related Protein-1/Sperm-Coating Glycoprotein) domains (Figure 2,  arrowhead a) . Interestingly, the kinase domain of this PR-1/ SCP-containing protein is more closely related to the kinase domains in the rice DUF26 RLKs (see Supplement C online), suggesting that the DUF26 domain was replaced by PR-1/SCP in the rice lineage. In the LRK10-L2 subfamily, there are four nonhomologous extracellular regions (Figure 2, arrowhead b) . Among them, only one is shared between rice and Arabidopsis. The extracellular regions that are specific to rice contain epidermal growth factor repeats in one and a glycosyl hydrolase family 18 (chitinase) domain in the other. In both cases, their kinase domain sequences are more closely related to rice LRK10-L2 members than to Arabidopsis ones (see Supplement C online). Meanwhile, the proteins that contain Arabidopsisspecific extracellular regions have kinase domains that are more closely related to Arabidopsis LRK10-L2 members. These findings indicate that the domain organizations of most RLKs are established before the monocot-dicot split. Nonetheless, domain acquisition had continued to occur in both rice and Arabidopsis after the monocot-dicot split.
Different Selection Forces on the Extracellular and Intracellular Domains of RLKs
The modular nature and biological roles of receptor kinases suggest that the extracellular domains (ECDs) and intracellular domains (ICDs; Figure 6A ) may be under different functional or selective constraints. To investigate the differences in selective constraints, we first identified reciprocal best matches among RLK/Pelle members from both Arabidopsis and rice and calculated the synonymous and nonsynonymous substitution rates (Ka and Ks) for the ECD, ICD, and kinase domains of each pair ( Figures 6B, 6C, and 6D, respectively) . Interestingly, the frequency distribution and the mean of the Ka/Ks ratios for ECDs are significantly different from those of ICDs and kinase domains ( Table 2 ), indicating that the ECDs evolved faster than the ICDs. This difference may either be because of relaxed purifying selection or positive selection on the ECDs.
To further verify the differences in evolutionary rates between these two domains, we compared the Ka values of ECD and ICD of the same protein and found that the numbers of amino acid changing substitutions are in general higher in the ECDs ( Figure   6E ). Using Ks as a proxy for time, we found that the Ka/Ks ratio declined sharply over time ( Figures 6F and 6G ). This trend is more pronounced for the ECDs than that for the ICDs, suggesting again positive selection or relaxation of negative selection on the ECDs soon after duplication events. The signatures of positive selection (Ka/Ks > 1) were revealed in several RLK/Pelle pairs when the rate calculation was performed on various size windows (example of one window size is shown in Figure 7 ). For duplicated pairs that have regions with a Ka/Ks value larger than one, the regions are generally in the ECDs, though few located within the ICD are found as well. Taken together, these findings suggest that parts of the extracellular regions may have experienced positive selection in some of these receptor kinases. It should be noted that the presence of pseudogenes in our data set may have contributed to high Ka values in some gene pairs. However, the comparison of Ka was between ECDs and ICDs of the same protein pairs. If some elevated Ka values were because of pseudogenes, we expect the Ka values to be similar between ECDs and ICDs, which would tend to underestimate the true difference between functional genes. Because we found significant differences between these two domains, the potential bias in Ka values because of pseudogenes will not affect our conclusion.
DISCUSSION
History of the RLK/Pelle Family Expansion in Land Plants
The RLK/Pelle family is one of the largest gene families in Arabidopsis, with >600 members (Shiu and Bleecker, 2001b) . However, the size of the RLK/Pelle family would likely be small in the common ancestor of animals, plants, and alveolates (Shiu and Bleecker, 2003) . In this study, we established that rice contains at least 1132 RLK/Pelle members, providing further support for the land plant expansion hypothesis. We estimated the number of RLK/Pelle members before the divergence of Arabidopsis and rice to be ;443. Therefore, the RLK/Pelle family was already large in the common ancestor of flowering plants that diverged 150 to 200 million years ago (Wolfe et al., 1989; Goremykin et al., 1997; Sanderson, 1997; Wikstrom et al., 2001; Chaw et al., 2004) . After the divergence between the rice and Arabidopsis lineages, further expansions occurred, contributing to their current sizes.
Because the overall predicted gene number in rice is 1.5-to 2.2-fold higher than that in Arabidopsis (Goff et al., 2002; Yu et al., 2002) , the nearly doubled rice RLK/Pelle family may simply be the consequence of a larger predicted gene set in rice. However, rice gene families are in general similar in size to those in Arabidopsis, such as the various kinase families shown in Figure 1 and other gene families, such as HAK potassium transporters (Banuelos et al., 2002) , LRR extensins (Baumberger et al., 2003) , P-type ATPases (Baxter et al., 2003) , Dof transcription factors (Lijavetzky et al., 2003) , and ATP binding cassette transporters (Jasinski et al., 2003) . Therefore, the RLK/Pelle family may represent one of the gene families differentially expanded in rice. In addition, lineage-specific expansions of the RLK/Pelle family occurred in Arabidopsis and rice since their last common ancestor. These findings indicate that biological innovations (A) The clade sizes indicate the numbers of duplications that occurred after the divergence between Arabidopsis and rice. The relative extent of expansion that occurred after this period is illustrated by comparing the number of Arabidopsis and rice genes in each clade inferred (with the scheme shown in Figure 3A ) and are plotted on the x and y axes, respectively. The number of each clade size relationship is counted and plotted on the z axis. Most clades are of similar sizes in Arabidopsis and rice. However, some clades have expanded rather dramatically in a lineage-specific fashion, but very few show similar degrees of expansion in both lineages as the arrow indicates a clade from the LRR-I subfamily. (B) The contribution of lineage-specific expansions on the sizes of the RLK/Pelle family. Note the gradual separation between Arabidopsis (At) and rice (Os) cumulative total between cluster sizes of 5 and 20. The most significant contribution to the large RLK/Pelle family in rice, however, is because of the presence of lineage-specific expanded clades, accounting for ;80% of the differences between Arabidopsis and rice. through this versatile family of proteins are still favored, and many duplicates have been retained over the past 150 million years. One may argue that the RLK/Pelle family is larger in rice because of the presence of more rice pseudogenes. In our analysis, we found that the Ka/Ks values of pairwise comparison were generally significantly smaller than 0.5 (data not shown; Figures 6B to 6D ). The number of pseudogenes will be very limited in our data set because most of the RLK/Pelles show signs of purifying selection (with Ka/Ks < 1) rather than neutral evolution (with Ka/Ks 1, expected for pseudogenes). In addition, rice and Arabidopsis have similar proportions of RLK/ Pelles with ESTs and/or cDNAs (61.4 and 67%, respectively; see Supplement D online). These findings indicate that pseudogenes are not likely the major contributing factor in the size differences between rice and Arabidopsis.
Owing to the recent history of rice domestication (;10,000 years ago; Huke and Huke, 1990 ) and the involvement of some RLK/Pelles in defense/resistance, the differential expansion of this gene family in rice may be the consequence of artificial selection for disease-resistant varieties. The recent domestication of rice implies that duplicates arisen through artificial selection will be young with very low sequence divergence. Most rice RLK/Pelle duplicates have rather large relative Ks values (as shown in Figure 5D ), indicating their ancient origins and arguing against their retention because of rice domestication. However, we excluded ;400 sequences that are nearly identical to the sequences we analyzed in their kinase domains. Until a better assembly of the rice genome is available, we cannot rule out the possibility that they are distinct RLK/Pelles that were retained via artificial selection.
Lineage-Specific Expansions and Mechanisms of Duplications
The RLK/Pelle family can be divided into multiple subfamilies with distinct kinases and domain organizations Bleecker, 2001a, 2001b) . We showed that subfamilies differ widely in the degree of expansion after the Arabidopsis-rice split. Most ancestral units underwent limited rounds of duplications or were not duplicated since the divergence between these two plants. However, the few ancestral units that have expanded contribute profoundly to the family size differences between rice and Arabidopsis. This is because of larger lineage-specific expansions in the rice lineage. Several lines of evidence indicate that Arabidopsis is a paleopolyploid (Arabidopsis Genome Initiative, 2000; Vision et al., 2000; Simillion et al., 2002; Blanc et al., 2003; Bowers et al., 2003) . The most recent large-scale duplications that likely involved the whole genome occurred before the Arabidopsis-Brassica split and after the MalvaceaeBrassiceae split 14.5 to 40 million years ago (Blanc et al., 2003; Bowers et al., 2003) . The peak of relative Ks distribution of Arabidopsis RLK/Pelle duplicates falls into this period. In addition, 33.6% of the Arabidopsis RLK/Pelle family members are located within tandem clusters (Shiu and Bleecker, 2003) . Both mechanisms likely have contributed to the net gain of Arabidopsis RLK/Pelles after the rice-Arabidopsis split.
In rice, however, tandem duplication seems to be the major mechanism contributing to the RLK/Pelle family expansion. The (B) and (C) The frequency distribution of relative ages of Arabidopsis nodes. In (B), the relative ages of all nodes, regardless of their duplication mechanisms, were plotted. In (C), each tandem cluster was treated as one locus, and nodes were determined by excluding all but the first members in tandem clusters. (D) and (E) The frequency distribution of rice RLK/Pelle relative ages of all nodes or locus-based nodes, respectively. contribution of tandem duplication in rice may be even higher because BAC sequences rather than chromosome assemblies were used to determine tandem duplicates. Although it was reported that rice underwent large-scale duplication 40 to 50 million years ago (Goff et al., 2002) , the substitution rate distribution was generated using all possible paralogous protein pairs, which may result in a biased representation of rates. Vandepoele et al. (2003) reported that rice is likely an ancient aneuploid rather than a polyploid. Consistent with this finding, we do not see evidence for the involvement of large-scale duplications within a relative short time period in the expansion of rice RLK/Pelles.
Functional Correlations
Most RLK/Pelles implicated in defense/resistance responses are located in tandem clusters and tend to have biased Arabidopsisto-rice ratios in the ancestral units (Table 1 ). These findings Song et al. (1995) a Potentially orthologous sequences from different species are separated by slashes. b Tandem clustering and classification information can be found in Supplements A and C, respectively, online. c The names for closest relatives in Arabidopsis or rice. d The ratio between Arabidopsis and rice genes in the ancestral unit of the gene in question or its closest relative. e Funcat, functional categories: D, developmental control; S, symbiosis; R, resistance or defense responses. f LYK1, LYK4, LYK6, and LYK7 form a sister group to a LysM-I clade that contains both Arabidopsis and rice genes. Therefore, no potential orthologs from either Arabidopsis or rice can be assigned (ND, not determined).
suggest that recent expansions of the RLK/Pelle family involved defense/resistance-related genes. Among plant resistance (R) genes, the nucleotide binding site (NBS)/LRR-containing family is also quite large compared with most gene families in Arabidopsis Mondragon-Palomino et al., 2002) . Similar to the RLK/Pelle family, both tandem duplications and large-scale duplications are implicated in the expansion of the NBS-LRR gene family (Meyers et al., 2003) . It will be interesting to determine if this gene family shows similar patterns of expansion after the Arabidopsis-rice split. In mammals, it has been shown that large gene families, such as mammalian olfactory receptors (Young et al., 2002) and taste receptors (Shi et al., 2003) , have differentially expanded in mouse and human. The interesting parallel between these two gene families and at least the receptor kinases in the RLK/Pelle family is that they are likely involved in the perception of diverse extracellular signals. A need for perceiving these signals may allow the retention of duplicates.
In rice, one of the RLK subfamilies that differentially expanded the most is the LRR-XII subfamily with >150 rice and only six Arabidopsis members. Defense/resistance genes in this subfamily include Xa21, involved in resistance to bacterial pathogens (Song et al., 1995) , and FLS2, involved in the perception of bacterial flagellin (Gomez-Gomez and Boller, 2000) . Interestingly, the Xa21 clade but not FLS2 has expanded in rice, suggesting that some defense/resistance RLK/Pelles did not follow the general trend we hypothesized. It is possible that these RLK/Pelles are involved in the perception of conserved components from pathogens, such as pathogen-associated molecular patterns (Nurnberger and Brunner, 2002) . Alternatively, they may not interact directly with pathogen-derived signals but are downstream intermediates in defense/resistance responses.
By contrast, only one of the RLK/Pelles with known functions in developmental control has evidence of duplication after the Arabidopsis-rice split. Furthermore, none of these Arabidopsis or rice genes is located in tandem clusters. One explanation is that these genes were not duplicated. Although this may be true in rice, evidence points to the involvement of whole-genome duplication in Arabidopsis, indicating that, instead of the absence of duplication, gene losses likely have led to the absence of duplicates. This is consistent with the notion that transcription factors, instead of signaling molecules, are the major innovative factors in development (Doebley and Lukens, 1998) . The lack of lineage-specific expansion in genes with development functions also is seen in the animal tyrosine kinase family where strict oneto-one relationships were found between mouse and human members (Shiu and Li, 2004) . However, these findings by no means rule out the possibility that developmental innovation can be accomplished by duplicated receptor kinases. The tyrosine kinase family has experienced a period of net gain early in the evolution of chordates and very likely contributed to the complicated body plan in extant vertebrates (Shiu and Li, 2004) . One potential example of developmental innovation via plant RLK/Pelles is ERECTA and its close relatives, which were duplicated both in rice and Arabidopsis after their divergence. A factor functionally redundant to Arabidopsis ERECTA has been identified recently (Shpak et al., 2003) . We speculate that the ERECTA paralog identified in this study may represent the functionally redundant factor.
Evolution of Domains in RLKs
The domain architectures of RLKs are mostly conserved between rice and Arabidopsis, indicating that domain organizations were mostly established before their divergence. Nevertheless, we identified some novel domain configurations that are specific to Arabidopsis or rice. Interestingly, the ECDs in two novel rice receptors, PR-1/SCP and chitinase RLKs, are both pathogenesis-related proteins implicated in defense responses. In tobacco (Nicotiana tabacum), the expression of PR-1a is tightly correlated with the onset of systemic acquired resistance, and its overexpression results in higher tolerance to fungal pathogens (Alexander et al., 1993) . Our findings indicate that new receptors were made and retained through the process of selection in these two plant lineages independently. In line with the prediction that a large number of genes in this family may be involved in defense/resistance, these fusions may provide novel ways to recognize extracellular biotic agents, particularly pathogens, and were selected for retention. The preferential expansion of defense/resistance-related RLK/ Pelles could be the consequence of strong selection pressure for recognizing pathogens. In plant R genes, the NBS-LRR family Mondragon-Palomino et al., 2002) and the Cladosporium fulvum resistance gene family both show signatures of positive selection. Similarly, the RLK/Pelles also show signatures of positive selection but in a domain-specific manner. We found that ECDs in general have higher nonsynonymous changes compared with those of ICDs. However, few pairs have Ka/Ks > 1 unless a sliding window analysis was conducted (Figure 7) . It is possible that the long evolutionary history of the duplicated pairs reduce the resolution of our analysis. It also highlights the possibility that only certain residues of the ECDs were under positive selection, as demonstrated in NBS-LRRs (Mondragon-Palomino et al., 2002) . In any case, these findings are consistent with the notion that the ECDs of RLKs may have experienced weaker purifying selection or stronger diversifying selection to recognize various extracellular signals. By contrast, the ICDs may have been under stronger purifying selection because of functional constraints in transducing signals to downstream components faithfully.
Although substantial progress has been made in the functional dissection of several founding members of this gene family, the functions of most RLK/Pelles remain elusive. The extensive expansion of this gene family only in the land plants suggests their functional importance to land plant evolution. Based on the limited number of RLK/Pelles with known functions, we hypothesize that, after the divergence between rice and Arabidopsis, the majority of RLK/Pelles duplicated are involved in defense/resistance function, whereas those involved in developmental control have rarely been duplicated. Further studies will be required to verify these proposals.
METHODS Sequence Retrieval and Annotation
The eukaryotic protein Ser/Thr/Tyr kinases in rice (Oryza sativa) were identified with the procedures detailed below. Following Hanks and Hunter (1995) and Hardie (1999) , we used 52 plant and animal sequences from different eukaryotic Ser/Thr/Tyr kinase families to conduct batch BLAST searches (Altschul et al., 1997) against the predicted genes of O. sativa subsp indica with a permissive E value cutoff of 1. The rice genes from the indica subspecies was predicted using the whole genome shotgun assembly with FGENESH (Solovyev, 2002) as described (Yu et al., 2002) . The japonica BACs and corresponding annotation were extracted from the MOsDB database (Karlowski et al., 2003) . The presence of kinase domains was verified with the eukaryotic kinase Hidden Markov Model from Pfam (Sonnhammer et al., 1998) . Upon further examination of the 1946 confirmed kinase sequences, we found that 17% of them have a nearly perfect ($99%) match for >600 nucleotides. Because of the potential problems in shotgun assemblies, we regarded these sequences as potentially redundant, and they were not included in any further analysis. For the sequences of rice kinases, see Supplement A online. They are also deposited in the PlantsP database (http://plantsp.sdsc.edu/). The Arabidopsis thaliana kinases analyzed were as defined previously (Shiu and Bleecker, 2003) . The same procedures were used to recover kinase sequences from O. sativa subsp japonica. As of May 2003, ;700 kinase sequences were identified.
Structural domains of all sequences were annotated according to the SMART (Schultz et al., 2000) and Pfam databases using a batch sequence submission and parsing script.
Alignments and Phylogenetic Reconstruction
For the identification of RLK/Pelle family members, the rice kinase sequences were aligned with kinase family representatives as described previously (Shiu and Bleecker, 2001a) . All sequence alignments were conducted using Clustal (Higgins et al., 1996) . The RLK/Pelle family is defined as the clade that contains RLK/Pelle representative sequences and forms sister group relationships to Raf kinases and receptor tyrosine kinases. The other kinase families were defined based on the kinase classification schemes for budding yeast (Hunter and Plowman, 1997) , worm (Plowman et al., 1999) , and human kinases (Manning et al., 2002) . Two to three representative sequences from each kinase family in each organism were chosen to generate alignments with Arabidopsis or rice kinases. These alignments were used to generate phylogenetic trees with the neighbor-joining method (Saitou and Nei, 1987) . The multiple substitutions were corrected using the Poisson distance. The alignment gaps were treated as missing characters. Sequences in the same clades as known kinase families were classified as such. Otherwise, they were identified as plant-specific kinases. All except one phylogenetic tree (Figure 2 ) in this analysis were generated with 500 bootstrap replicates.
Inference of Duplication Time
For inferring the dates of gene duplications, only the kinase domain coding sequences were used. The large phylogeny shown in Figure 2 was partitioned into 17 sections with similar numbers of genes. The genes in each section were aligned for generating a phylogenetic tree. Ancestral units (clades) as defined in Figure 3A were identified from these phylogenetic trees. The clades that contain both Arabidopsis and rice sequences were analyzed further. For each clade, the synonymous substitution rates (Ks) of all pairwise combinations were estimated using the yn00 program in PAML (Yang, 1997) . The duplication time was determined by dividing the node average Ks with that of the basal node ( Figure 5A ).
Substitution Rate Estimates for RLK Domains
To compare the evolutionary rates of ICDs and ECDs of RLKs, we first identified the reciprocal best matches of Arabidopsis and rice RLK/Pelle family members. An alignment was generated for each pair. Any pair with an aligned area <80% of the longer protein was excluded from further analysis. Any pair with a Ks value >1.5 over the full length also was excluded. For each pair, at least one predicted protein had to have a predicted transmembrane region. For proteins with more than one predicted transmembrane region, we examined the alignments and defined the transmembrane region as the one that overlapped between two proteins. In the data set, no other type of permutation in terms of transmembrane region arrangement was found. ECDs and ICDs were defined as sequences N-terminal and C-terminal to the predicted transmembrane regions, respectively. The signal sequences were deleted from the ECDs. The nonsynonymous substitution rate (Ka) and Ks were calculated for ECD, ICD, and kinase domains using the yn00 program in PAML. For detecting positive selection in regions of gene pairs, the Ka and Ks were determined on windows of aligned sequences taken from full-length alignments.
